Introduction: This study aimed to compare the clinical and radiological results of transforaminal lumbar interbody fusion (TLIF) with a boomerang-shaped cage and traditional posterior lumbar interbody fusion (PLIF) according to fused level and elucidate whether TLIF could replace PLIF at all lumbar levels.
Introduction
Posterior lumbar interbody fusion (PLIF), which involves the insertion of two cages through a bilateral approach, has been the standard surgical technique for lumbar spondylolisthesis. PLIF can provide a stable three-column fixation with 360°fusion only by the posterior approach [1] [2] [3] . However, retraction of the thecal sac, which increases the risks of durotomy and nerve root injury, is required during the procedure in the disc space. Transforaminal lumbar interbody fusion (TLIF) is a modification of PLIF. After sufficient discectomy, it can achieve interbody fusion with the insertion of cages only by the unilateral approach with less dural retraction compared with that in traditional PLIF. Some previous studies evaluated the clinical results obtained after TLIF and PLIF and reported less invasiveness and greater safety with TLIF compared with PLIF [3] [4] [5] [6] . De Kunder et al. 4) performed a systematic review of the previous literature and a metaanalysis of the effectiveness of these procedures and concluded that TLIF has advantages over PLIF in terms of blood loss, operative time, and the rates of complications such as dural tear and nerve root damage.
Surgical complications associated with the unilaterally inserted cages used in TLIF have also been reported [7] [8] [9] . Since (a) (b) (c) 2007 , the new type of boomerang-shaped cage with a special inserter has been used at our hospital (Asao General Hospital) 10) . The beneficial characteristics of this new cage are its ability to change the angle between the cage and inserter during the cage insertion into the disc and its easy removal if the cage is not optimally in place (Fig. 1) 
10)
. In our hospital, TLIF for lumbar spondylolisthesis using this cage instead of PLIF has already been adopted.
However, to the best of our best knowledge, there are no detailed reports comparing the surgical results, including radiological evaluation according to the fused level, of TLIF and PLIF. Our hypothesis before the study was that TLIF would be less invasive than traditional PLIF and there would be no significant difference between the two procedures in radiological evaluation at all lumbar levels. Based on these hypotheses, we expected that TLIF would be able to replace PLIF in lumbar operations.
The aim of this study was to compare the surgical results of TLIF using a boomerang-shaped cage with those of traditional PLIF by clinical and radiological evaluation according to the fused level and elucidate whether TLIF could replace PLIF at all lumbar levels.
Materials and Methods
This is a retrospective study approved by the Institutional Review Board of our hospital, and informed consent was obtained from all patients.
Patient population
We report 128 patients (men, 48; women, 80) with lumbar spondylolisthesis who underwent single-level TLIF or traditional PLIF (Table 1 ). All patients were followed up for >2 years (mean, 40.6 months; range, 24-96 months). Before 2007, all patients were treated by PLIF. After 2007, the patient selected TLIF or PLIF as their treatment choice after sufficient informed consent, including the clinical and radiological outcomes in both procedures, had been obtained. Patients with trauma, reoperation, and decompression that involve the fused and other levels were excluded from this study.
Clinical and radiological evaluation
The analyzed clinical outcomes included intraoperative blood loss, operative time, and recovery rate calculated us- ing Japanese Orthopedic Association scores 11, 12) . Using X-ray images, percent slip, correction disc height (anterior or posterior disc height/anteroposterior diameter of upper vertebral body 100%), and local lordosis at the fused level were measured preoperation, immediately postoperation, 1 year postoperation, and at the final follow-up. The postoperative increase in the disc height and local lordosis (postoperative measurement value-preoperative measurement value) were compared between the TLIF and PLIF groups for each fused level. Additionally, sagittal parameters measured on lateral standing radiograph of the entire spine (lumbar lordosis, pelvic incidence, pelvic tilt, sacral slope, and sagittal vertical axis) were also evaluated from preoperation to postoperation. Bone union was evaluated using sagittal reconstruction images of CT, and the rigid fusion was defined as the formation of osseous continuity between the upper and lower vertebral body.
Surgical procedure
TLIF and PLIF were performed by an open procedure, not by a minimally invasive procedure, by exposing the spinal posterior elements through a posterior midline incision.
TLIF
After adequate decompression by laminectomy and unilateral facetectomy on the dominant side of the neurological symptoms, pedicle screws were inserted. Facetectomy on the contralateral side was also performed as it was essential for decompression. Discectomy was performed by a unilateral approach with less traction of neurological elements, and a boomerang-shaped cage packed with autogenous bone was placed in the anterior region of the end plate while the location was checked by fluoroscopy. Autogenous bone grafting was also performed into the intervertebral space behind the cage. The screws from the cranial to caudal sides were connected by rods. Lastly, local lordosis was formed by the application of posterior compression force by the pedicle screw.
PLIF
For all PLIF cases, an anterior expandable cage was used. Adequate decompression was performed with laminectomy, and facetectomy was also performed depending on the situation of each case. After the insertion of the pedicle screw, discectomy was performed through the bilateral approach. After autogenous bone grafting was performed in the anterior region of the endplate, two cages packed with autografts were bilaterally inserted into the end plate. The cages were expanded from the anterior element until adequate local lordosis had formed and stability between the cage and end plate was attained with the use of fluoroscopy. Lastly, the screws were connected by rods, and autogenous bone grafting was also performed behind the cages.
Statistical analysis
The statistical significance of the differences between the groups was evaluated by the Mann-Whitney U test. A Pvalue < 0.05 was considered statistically significant. All analyses were performed using JMP 13 software (SAS Institute Inc., Cary, NC, USA).
Results

Clinical outcomes and complications
Two cases of dural tear developed in each of the groups, which were intraoperatively repaired. There were no serious intraoperative or postoperative complications, and rigid bone union was found in all cases within 1 year postoperation. There were no significant differences in the recovery rates between the groups at any level. The operative time and intraoperative blood loss were significantly less in the TLIF group than those in the PLIF group at the L4/5 and L5/S1 levels (p < 0.05) ( Table 2 ).
Radiological outcomes
On radiographic evaluation, no significant differences were observed between the groups in any of the preoperative measurements or the postoperative percent slip. There were no significant differences between the groups in terms of the increase in disc height or local lordosis at the L3/4 and L4/5 levels, and a satisfactory postoperative maintenance of disc height and local lordosis was obtained in both groups at the final follow-up. There were no significant differences between the groups in terms of an immediate postoperative increase in the disc height and local lordosis at the L5/S1 level. The postoperative maintenance was not obtained post-TLIF, and it significantly decreased compared with that in the PLIF group (p < 0.05) (Fig. 2, 3 ). There was no significant difference in sagittal parameters measured on lateral standing radiograph of the entire spine after undergoing both procedures.
Representative cases of TLIF for the L4/5 and L5/S1 levels
Case 1 (L4/5)
TLIF at the L4/5 level was performed on a 70-year-old woman with degenerative spondylolisthesis. Adequate local lordosis and disc height had formed, and serious subsidence of the cage was not observed postoperation. Sufficient postoperative maintenance was obtained until the final follow-up (Fig. 4) 
10)
.
Case 2 (L5/S1)
TLIF at the L5/S1 level was performed on a 55-year-old woman with spondylolytic spondylolisthesis. Although a boomerang-shaped cage was placed in the anterior region of the end plate, postoperative subsidence was found with loss of disc height and local lordosis (Fig. 5) .
Discussion
TLIF was first described by Harms in 1982 13) as an alternative technique to PLIF. Previous reports showed that TLIF with a unilateral approach via the intervertebral foramen had several advantages with fewer intraoperative complications than the traditional PLIF procedure [3] [4] [5] [6] . Similarly, our results indicated that TLIF comparatively was a less invasive procedure with shorter operative time and lesser blood loss than traditional PLIF.
Additionally, by applying posterior compression force across the pedicle screws after placing the boomerangshaped cage in the anterior region of the end plate, sufficient local lordosis was obtained with the modified TLIF procedure 14) . In a biomechanical study, Kettler et al. 15) showed that primary stability achieved with one boomerang-shaped cage implanted by a unilateral approach was not significantly different from that achieved with two PLIF cages implanted by a bilateral approach. In the unilateral TLIF procedure, the cage position is an important factor for postoperative cage subsidence, which is related to the loss of lumbar lordosis and disc height. Biomechanically, the central portion is the weakest part of the end plate of the vertebral body, owing to its thin cortex 16) . To efficiently form local lordosis and prevent postoperative cage subsidence, the boomerang-shaped cage should be located in the anterior region of the end plate after sufficient discectomy was performed carefully not to damage the bony end plate. However, the technique of boomerang-shaped cage insertion is more complex than that for other types of cages, and the cage placement in the anterior region of the end plate is sometimes difficult to control. Fukuda et al. 8) investigated the position of 82 cages, which were similar to our cages that were unilaterally implanted in TLIF. In this study, 16 cages were located in the center of the intervertebral space, and 66 were anteriorly located, and subsidence of the cages placed in the center was significantly greater than that of the cages anteriorly placed. In our study, all of the boomerang-shaped cages could be easily placed in the anterior region, owing to the special inserters connected to the cages. Our results showed that TLIF with the placement of boomerang-shaped cage in the anterior region of the end plate could obtain similar local lordosis and disc height, including postoperative maintenance at the L3/4 and L4/5 levels, as traditional PLIF despite its shorter operative time and lesser blood loss.
In contrast, in our results for the L5/S1 level, the postoperative maintenance of local lordosis and disc height after TLIF was inferior to that after PLIF, which is unlike that for the L3/4 and L4/5 levels. Closkey et al. 17) suggested in a biomechanical study that the size of the contact area between the cage and end plate has a significant relationship with cage subsidence. The morphology of the end plate at the L5/S1 level characteristically differs from that at other lumbar levels; the lumbar vertebral end plate gradually changes into a more oval shape from the L1/2 to the L5/S1 disc with a decrease in circularity 18) . Additionally, the L5/S1 level has the largest lordotic angle, importantly contributing to lumbar sagittal alignment compared with other levels 19) . Lordotic angel of boomerang-shaped cage used in this study was 7°, which might be not enough to obtain the adequate contact area involving solid fixation between the cage and end plate at the L5/S1 level even if the cage was placed in the anterior region of the end plate. Although TLIF using the unilateral boomerang-shaped cage would be an alternative procedure to traditional PLIF at the L3/4 and L4/5 levels, we do not recommend performing TLIF only at the L5/ S1 level.
Some previous studies also reported that the risk of cage retropulsion and pseudarthrosis at the L5/S1 level was higher even after two cages were bilaterally inserted in the PLIF procedure 20, 21) . In our study, an anterior expandable cage was used in traditional PLIF, which enabled the lordotic angle to be intraoperatively adjusted for adequate fitting to the end plate. The anterior expandable cage would be a useful option with a larger contact area and better stabilization than other types of cages including the boomerangshaped cage at the L5/S1 level.
Although there are several types of cages for TLIF and PLIF, the types of cages used in our study were limited to the anterior expandable cage (PLIF) and boomerang-shaped cage (TLIF). For the accurate comparison of surgical results after TLIF and PLIF, evaluation in both procedures using other types of cages might be necessary. In particular, if anterior expandable TLIF cage was used at L5/S level, postoperative cage subsidence after TLIF might be prevented. Ad- CT and XP at 6 month postoperation ditionally, the cases were limited to a single-level fusion in our study. By comparing several level fusions, the benefits of TLIF would be emphasized, such as in elderly patients who require correction surgery for degenerative scoliosis using the multilevel interbody fusion that the low invasiveness of surgery including the decrease of blood loss and operative time would be essential to avoid the serious perioperative complication that affects the general condition 22, 23) . The boomerang-shaped cages could be used for not only long fusion surgery but also minimally invasive surgery (MIS), which has recently been noticed as the new less invasive technique 24, 25) . In our future study, comparison of surgical results between MIS technique and open procedure would be investigated for the further application of TLIF.
Conclusion
TLIF with a boomerang-shaped cage could obtain similar local lordosis and disc height including the postoperative maintenance as PLIF at the L3/4 and L4/5 levels, except the L5/S1 level, despite the shorter operative time and lesser blood loss. Based on our results, although TLIF using the unilateral boomerang-shaped cage would be an alternative procedure to traditional PLIF at the L3/4 and L4/5 levels, we do not recommend performing TLIF only at the L5/S1 level.
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